Phototropic and light growth responses of the sporangiophore of Phycomyces have been elicited using tunable laser stimulation from 575 to 630 nm. The growth response shows additional components of the action spectrum with a sharp peak at 595 nm, a sharp cut-off at 585 nm, and a tail extending beyond 630 nm. The integral over the electronic transition (f-value) is 1.5 X 10-9 times that at 455 nm. These parameters indicate a direct transition from the ground state to the lowest triplet state of riboflavin.
Green plants, fungi, and bacteria show a variety of physiological responses to light (other than photosynthesis) with an action spectrum having peaks suggestive of riboflavin (1, 2). In the case of Phycomyces, the absolute extinction coefficient of the receptor pigment has been estimated by modeling the kinetics of bleaching and regeneration and has been found to match that of riboflavin (p. 1028 of ref. 3) . In spite of numerous efforts, however, the receptor pigment has never been positively identified. One reason for this failure is its low concentration, too low to permit "seeing" it by absorption spectrophotometry. All organisms use riboflavin as a prosthetic group for a great variety of enzymatic functions, and the receptor pigment would constitute a very small fraction of the totality of flavoproteins in the cell. Light-induced absorption changes might be more discriminating between the receptor and other flavins. Such changes, showing reduction of a cytochrome b and produced with an action spectrum closely fitting riboflavin, have been reported for Neurospora (4) and for a particulate extract of Neurospora (5) . Similar changes, though less well characterized, have also been seen in Phycomyces (6) . Whether these absorption changes constitute part of the normal photoresponse, or whether they constitute a spurious photochemical event brought about at high intensities by action on free riboflavin or on a flavoprotein not involved in the growth responses, is still an open question. At the output end of the light growth response pathway, regulation of chitin synthetase activity induced by light has been looked for. Indeed, in crude Phycomyces extracts a 30% increase in chitin synthetase activity in the presence of high intensity light has been noted by Jan (7), with similar doubts attaching to its physiological significance.
The flavin moiety of riboflavin is a photochemically active molecule. It may act by dehydrogenating a variety of external hydrogen donors or even its own ribityl side chain, as well as by ligating other groups. At neutral pH the dehydrogenations occur from the lowest triplet state, since the yield can be cut by adding triplet quenchers (8) . These findings suggest that the photochemistry involved in the light responses of Phycomyces (and other organisms) might also be due to riboflavin, involve dehydrogenation, and happen from the triplet state. If they happen from the triplet state, it should be possible to obtain the same physiological responses by direct optical excitation of the triplet state. Here we report experiments supporting this conjecture.
MATERIALS AND METHODS
All experiments were performed with the mutant strain C2 [genotype carA5(-)] of Phycomyces (9) . This is an albino mutant containing very little fl-carotene, but having normal light growth responses of the sporangiophore (10) .
The light growth response action spectrum measurements used the null response procedure described in detail by Delbruick and Shropshire (11 profile of the dye laser was measured using a 10 gm diameter pinhole. It was approximately gaussian in both the vertical and horizontal directions, with half-widths of 0.6 and 0.5 mm, respectively. The laser beam impinged on the middle of the growing zone of the specimen, 1 mm below the sporangium (Fig. 1) . It is known that the growing zone is of fairly uniform sensitivity in the region between 0.6 and 1.5 mm below the sporangium (12) . Both the blue source and the laser beam impinged at an angle of about 300 above the horizontal. This angle optimizes straight growth of the specimen. The laser beam was linearly polarized in the vertical direction.
Absolute intensities of both sources were obtained with calibrated silicon diodes (United Director Technology, Santa Monica, Calif.).
The specimen, growing in a small vial on potato dextrose agar, was placed on an x,y stage sitting on a turntable rotating at 2 rpm. This insures symmetric illumination around its axis. The xy stage permits accurate centering of the specimen on the axis of rotation. The turntable was mounted on a sturdy xyz manipulator permitting accurate positioning of the specimen relative to the laser beam. The specimen was observed against a red background light through a 40X telescope equipped with a filar micrometer. At time zero of each 5 min interval the upper meniscus of the sporangium was set to the midline of the micrometer using the z motion of the manipulator; at 4 min 50 sec the movable hairline of the micrometer was set to the meniscus, thus measuring the growth during the interval. (-0 min) the specimen was moved back to the midline. During each 5 min interval growth measured at the sporangium amounts to about 0.2 mm, and in the middle of the growing zone (at the laser beam) about 0.1 mm.
The intensity of the blue source ranged from 2 to 100 nW/cm2 and that of the laser beam, from Fig. 4 . It shows a single peak at 595 nm, a sharp cut-off on the blue side at 585 nm, and a tail on the red side, extending beyond 630 am, the longest wavelength available to us. The integral over this transition (its "f-value") is about 1.5 X 10-9 of that over the sum of the two gaussians representing the allowed transitions. It is reasonable to assue that the excited riboflavin mediates a one-or two-electron transfer from a donor to an acceptor. One would like to know then, whether it is the oxidized donor or the reduced acceptor which carres the signal forward in the stimulus-response chain, or whether, alternatively, the charge separation across a membrane is the relevant event. Here we must focus, to start with, on the fact that near threshold the triggering photoevents involve a small number of absorbed quanta, as they do in vertebrate vision. The calculations to substantiate this point (ref. 1 p. 135) can now be refined in the light of our more definite knowledge of the receptor pigment and in the light of the system analysis for low intensities (3), but the result is essentially the same: we must be dealing with a small number of primary photoevents, each subject to a secondary amplification which is inversely related to the average prevailing light intensity. A plausible mechanism, in analogy to well-known electronic devices, would be for the light signal to control the conductance of a membrane, with the conductance depending exponentially on the membrane voltage. This type of situation is, in fact, found in the alamethicin model (16-18) of a membrane whose conductance channels are gated by small changes of the applied potential. One could thus envisage the primary photoevent as electrogenic across a membrane, and in turn controlling a large number of gates for membrane current. Such a mechanism is consistent with the finding that the receptor pigment is rigidly bound to some macroscopic structure, since the pigment has a defined orientation relative to the sporangiophore cylinder, with the dipole moment of the allowed transition in the blue oriented equatorially (19) .
In the case of light-induced carotenogenesis (another typical blue-light effect) in the fungus Fusarium aquaeductuum, Rau and Theimer, in a series of elegant investigations, have sought to establish that it is the oxidized donor that mediates the induction of the synthesis of the enzymes involved in carotene synthesis (20) . They showed that: (i) induction by light is prevented by the addition of dithionite, even if the dithionite is added several minutes after the light stimulus; (ii) H202 addition substitutes for light, whereas dithionite addition does not. These findings suggest that the relevant trigger is an oxidation rather than a reduction. However, they are also open to the alternative interpretation that the primary photoevent causes an electron transfer inward across the plasma membrane. The donor would then be on the outside and would be accessible to oxidation by H202 and to re-reduction, after the photoevent, by dithionite.
Recently Lang-Feulner and Rau (21) showed that in Fusarium carotenogenesis could be induced by red light if the mycelium was exposed to methylene blue or toluidine blue. These dyes absorb in the red, with the lowest excited singlet state corresponding to 660 nm. The triplet state must lie at a still lower energy level. These dyes, therefore, could not excite the triplet state of riboflavin by energy transfer. Instead, as the authors suggest, one may surmise that these dyes directly photo-oxidize the same donor that in the undoped mycelium is photo-oxidized by the receptor pigment. Again, we may be dealing with a donor located on the outside of the plasma membrane.
Our findings suggest that it should also be possible to obtain the physiological response by sensitized excitation of the triplet state, or to prevent it by infiltration with triplet quenchers such as KI (22, 23) . Further, it should be possible to enhance or diminish the height of the triplet peak by introduction of suitable riboflavin analogues into the organism. Eventually, such an approach may permit specific labeling of the receptor pigment and thereby its isolation.
It is worth noting that the detection of a secondary action peak 109 times lower than the main peak is probably unique in photobiology, and rare in photochemistry. The experiment would hardly be feasible without the spectral purity, high intensity, and tunability of the dye laser, as well as the high sensitivity and low noise level of the organism. The sensitivity of Phycomyces, in fact, did not have to be strained. The sporangiophore shows light growth responses at intensities three orders of magnitude below the ones here used.
